The advent of solar cells is commonly associated with the discovery of the photovoltaic effect in 1839, when Becquerel observed a photocurrent upon irradiation of platinum electrodes with light 1 . More than a century later, photoconductivity was first observed from an organic compound, anthracene 2 . Since the initial observation of photoconductivity, interest in organic semiconductors has increased steadily, and today, considerable research effort is focused on the development of organic light-emitting diodes, transistors, photodetectors and solar cells as future optoelectronic devices [3] [4] [5] [6] [7] [8] [9] . Among these optoelectronic devices, organic solar cells (OSCs) are strong candidates for energy-harvesting applications, in which light is converted into electricity with no carbon footprint [10] [11] [12] [13] [14] [15] [16] [17] . The semi-transparency, solution processability, freedom of form and low weight make OSCs viable contenders for low-cost technologies with a high power-to-weight ratio for future electricity generation [18] [19] [20] . OSCs were first realized in 1986, when Tang demonstrated that a bilayer comprising an electron donor and electron acceptor could be used as a photoactive layer to produce a photocurrent 21 . The bilayer architecture, however, has a limited interfacial area, which results in a low photocurrent owing to the well-known exciton bottleneck. The problem of limited interfacial area has been mitigated by the introduction of the bulk heterojunction (BHJ) structure, which was obtained independently by the Heeger and Friend groups in 1995 by blending polymer:fullerene and polymer:polymer mixtures, respectively 22, 23 . The invention of the BHJ concept was a milestone in the organic photovoltaics (OPVs) field, and consequently, power conversion efficiencies (PCEs) of OSCs have increased to >14% in the past three decades in single-layer BHJ devices. By increasing the interfacial area between the electron donor and electron acceptor, BHJ solar cells overcome the issues of short exciton diffusion length, limited exciton lifetime and charge separation that limit bilayer junctions, enabling efficient, thick and large-area OSCs that are one step closer to large-scale production and commercialization.
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Although the introduction of the BHJ structure has enabled great improvements in efficiency, it has also focused research efforts towards the development of increasingly complex and sophisticated morphologies, as the intricate BHJ morphology has a key role in governing the PCE in OSCs. There are various types of donor materials, from the work-horse homopolymer poly(3-hexylthiophene) (P3HT) to more recent pushpull-type heteropolymers (which are commonly known by their abbreviations, such as PTB7 (ref. 24 ), PTB7-Th 25 , PffBT4T-2OD 26 , P3TEA 27 and PBDB-T 28 ) and smallmolecule donors (for example, p-DTS(FBTTh 2 ) 2 (ref.
29
) and DR3TSBDT 30 ) that continue to push record efficiencies ( fig. 1 ). There have been intensive synthetic efforts to identify the ideal polymer or small-molecule donor, with a focus on precise energy-level matching with the complementary acceptor molecules and optimization of the resultant nanomorphology created through thinfilm fabrication processing 31 . One of the main reasons for the initial focus on donors was the ease of tuning their molecular electronic energy levels in comparison with those of soluble fullerene derivatives (such as [6, 6] -phenyl-C 61 butyric acid methyl ester (PC 60 BM) or [6, 6] -phenyl-C 71 butyric acid methyl ester (PC 70 BM)), which were initially the sole acceptor candidates. These fullerene-derived acceptors usually absorb only in the high-energy region of the visible spectrum, leaving a large absorption window at lower energies. Furthermore, structural modification of these fullerene derivatives revealed that they have relatively fixed electron affinities (EAs) and ionization potentials (IPs), which hinder access to devices with a high open-circuit voltage (V oc ; that is, >1 V) and high photocurrent. Within the past 10 years, non-fullerene acceptor (NFA) materials, including both small-molecule acceptors and polymer acceptors, have emerged as serious competitors to fullerenes as electron-acceptor materials for OPV devices [32] [33] [34] [35] [36] [37] [38] [39] [40] . Unlike fullerene derivatives, NFAs consist of either push-pull calamitic-type moieties (for example, IDTBR, ITIC and IEICO) 28, 36, 41, 42 or naphthalenediimide 43, 44 or perylenediimide 27 ,45 cores ( fig. 2 ). The energy levels of NFAs can be tuned through modifications to the conjugated skeletons. For example, decreasing the electron-withdrawing strength of the peripheral units decreases the EA (versus vacuum), resulting in high V oc values. Moreover, the solubility and blend morphology of NFAs can be controlled through side-chain engineering, and their bandgap (E g ) can be adjusted to harvest photons in a region of the solar spectrum that is complementary to the absorption region of the donor. These advantages of NFAs have contributed to champion OSCs with PCEs of up to 10.1% 46 and 14.6% 47 for polymer acceptors and small-molecule acceptors, respectively. However, although these efficiencies have surpassed those obtained in devices made with fullerene acceptors, challenges in single-junction, binary BHJ OSCs remain in terms of controlling the nanomorphology, minimizing recombination and increasing the long-term stability of devices [48] [49] [50] [51] [52] [53] [54] [55] [56] . Over the past decade, numerous strategies have been proposed to improve upon the PCE of single-junction binary devices. Among the strategies, multi-junction (such as tandem) solar cells, in which two or more sub-active layers are monolithically or vertically connected with interfacial recombination layers, have been extensively explored [57] [58] [59] [60] [61] [62] [63] [64] . Tandem devices contain two sub-active layers with different absorption windows to www.nature.com/natrevmats increase either the voltage or current, depending on how the sub-active layers are electrically connected. Although record OSC efficiencies have been reported for tandem solar cells, the fabrication of these devices with optimal recombination layers between the sub-active layers is challenging. Ternary organic solar cells (TSCs), in which a single active layer with a wide absorption window is created without the need for a multiple-stacked interfacial layer, have attracted great interest in the area of photovoltaics owing to the simple device design 35, [65] [66] [67] [68] [69] . Blending three light-absorbing semiconductor materials (in which the third component has the minority ratio in the blend and is defined as the guest) or more components (with at least one donor and one acceptor 
Fig. 2 | Chemical structures of widely used acceptor materials for ternary solar cells. Examples of commonly used acceptor materials include polymers and small molecules. The representative building blocks for acceptor materials include [6, 6] -phenyl-C 61 butyric acid methyl ester (PC 60 BM), [6, 6] -phenyl-C 71 butyric acid methyl ester (PC 70 BM), indandione and rhodanine derivatives, as well as perylene diimide (PDI), indacenodithiophene (IDT) and indacenodithienothiophene groups.
as the host system) can lead to more efficient sunlight harvesting [70] [71] [72] . An increase in the efficiency of sunlight harvesting translates to a higher short-circuit current density (J sc ) in the solar cells while maintaining the simplicity of the single-junction architecture. Moreover, by carefully selecting the components on the basis of the relative energies of their frontier orbitals, it is possible to tune the V oc through the formation of an energy cascade alignment 35, [73] [74] [75] . Furthermore, introducing an extra component can help to overcome chargetransport and/or charge-recombination issues associated with binary devices. For example, the addition of a third component can decrease the density of trap states and increase charge mobility, resulting in ternary blends with enhanced fill factors (FFs) and enabling thick active layers (>200 nm) 65, 76, 77 . A thorough understanding of the fundamental mechanisms (such as charge and energy transfer) that govern the charge dynamics and V oc in ternary blends has enabled the fabrication of TSCs that demonstrate simultaneous enhancement of all photovoltaic parameters (J sc , V oc and FF), resulting in record single-junction PCEs of >14% 78 . To date, reviews on ternary blends have largely served to describe the chemical structures of donors and/or acceptors and the energetic processes [67] [68] [69] [79] [80] [81] . In this Review, we outline the most notable recent developments in ternary BHJ OSCs, with a focus on the key role of the third component. First, we provide a brief history of OSCs and an overview of the pioneering reports on single-junction TSCs. Second, we discuss the existing operating modes of TSCs (which are governed by the nanomorphology and energetics of the ternary blend) that account for the role of the third component in TSCs. The models used to explain the operation of TSCs typically describe the location of the third component in the blend and the effect of mixing the third material with one of the other components (donor or acceptor). Third, we assess the role of the third component in influencing the electronic energy-level alignment, spectral coverage, charge recombination and nanomorphology of ternary blends and devices 35, [70] [71] [72] [73] [74] [75] [82] [83] [84] [85] [86] [87] [88] [89] [90] . We also consider the stability of the active-layer materials and devices as well as the recent progress in the development of ternary blends to help overcome the degradation and/or reliability issues of binary solar cells 35, 91 . The scalability of ternary devices that have yielded record device PCEs (>14%) and environmentally friendly processing opportunities are also briefly discussed 65, 76, 77, [92] [93] [94] [95] . Finally, we provide a critical perspective on the advantages of ternary blends and devices, along with opportunities for improvements, and suggest design strategies for highly efficient and stable OSCs for commercially viable photovoltaics.
Operating modes of TSCs
The BHJ is the key component of an OSC device stack www.nature.com/natrevmats or secondary acceptor, A 2 ) into the binary blend, which serves as the host system, results in a ternary blend. The TSCs resulting from such combinations display properties that are more than a simple superposition of those of the individual components. Depending on the energetics and phase structure of the third component, the location of the third component in a BHJ determines the primary operating mode of a TSC. For example, the energy cascade alignment 85, 96 and energy-transfer and/or chargetransfer mechanisms 86, 97 are operating modes governed by the energetics, whereas the operating modes in the alloy and parallel-like 97 models are primarily determined by the nanomorphology. The BHJ of ternary blends can be classified into five main categories according to the location of the third component: embedded (or dissolved) in the donor phase ( fig. 3b) , embedded (or dissolved) in the acceptor phase ( fig. 3c) , residing between the donor and acceptor phases ( fig. 3d ), co-crystallized with the donor moiety ( fig. 3e ) or co-crystallized with the acceptor moiety ( fig. 3f ). However, in practice, the BHJ of ternary blends can comprise one or more of these BHJs depending on the ratio of D 2 or A 2 to the binary host system, and therefore, more than one operating mode can be adopted.
In a typical TSC, a small amount of the third component (D 2 or A 2 ) is added into a binary blend and can have various roles in the TSC (fig. 4) . Depending on the position of the third component in the bulk, the nanomorphology of D 1 or A 1 usually improves in the ternary BHJ through enhanced crystallization of one or both of the binary components, increased pure domain sizes of the binary blends and/or extended coherence length of these domains. This improved microstructure often has a positive effect on charge transport and the recombination behaviours in ternary OSCs compared with binary devices, resulting in an increase in the FF and J sc . Depending on the energetics of D 2 the ternary blend lies between the values of the binary blends; this is in contrast to the energy cascade model, in which the V oc value of a ternary device is often close to that of the binary device with the lowest V oc . The J sc values of parallel-like TSCs are nearly the sum of the two binary cells, proving that the subcells work independently in the ternary composite, analogous to tandem architectures. By contrast, in the alternative alloy model, it is proposed that the energy levels of D 1 :D 2 or A 1 :A 2 materials in the ternary blends form electronic alloys that have a single IP or EA, respectively 74, 100 . The formation of such alloys requires good miscibility of the materials used in the ternary blends. It is important to note that all the aforementioned models can coexist, which complicates the prediction of the mechanisms that govern the photovoltaic processes. Owing to the limited examples of parallel-like TSCs, there has not yet been a thorough study of this model. Moreover, the alloy model has failed to explain the V oc evolution in several TSCs, especially for fullerene-based TSCs with high ratios of a third component 90, 98 .
The role of the third component The discovery of novel organic materials together with tailored morphologies and device engineering has led to OSCs with PCEs of >14% 78, 101 . Moreover, understanding of the microstructure and charge-recombination dynamics has enabled the optimization of FF values to >80% 47 . However, despite these significant improvements, the PCE of OPV devices is still lower than that of commercial inorganic solar cells. The main limitation on the PCE of OPV devices is the intrinsically narrow spectral absorption range of organic materials compared with the absorption range of inorganic semiconductors, such as silicon or hybrid perovskites. The limited absorption range makes it challenging to fully cover the solar spectrum with a single-junction device without sacrificing V oc . Furthermore, owing to the low carrier mobility and short lifetime of the photoactive materials, OSCs have a limited active-layer thickness, typically ~100 nm. The limited thickness of the active layer impedes the 'lab-to-fab' transition for reliably and inexpensively scaling up production, which requires active-layer thicknesses of ~200-300 nm. In the following, we focus on strategies for improving one or more of the photovoltaic parameters of ternary devices compared with those of the binary cells (figs 4,5). The strategies for increasing J sc and V oc as well as controlling charge recombination are discussed together with consideration of the change in nanomorphology upon addition of the third component. Representative donor and acceptor materials are shown in fig. 1 and fig. 2 , respectively. Selected PV parameters of highly efficient TSCs are listed in table 1.
Energetics and spectral coverage. In the first report on using a ternary blend to increase the J sc of a BHJ OSC, a near-infrared (NIR) low-bandgap polymer, PCPDTBT, was added as the third component to the well-known binary blend P3HT:PC 60 BM 102 . The resulting ternary blend features an additional longwavelength absorption (up to 800 nm) compared with the absorption of the binary blend (which extends up to 650 nm only). As a consequence, devices based on P3HT:PCPDTBT:PC 60 BM outperformed those based on the binary P3HT:PC 60 BM blend, with a 12% relative increase in the PCE (table 1 ). An even better result (a 29% relative increase in PCE) was obtained when a modified version of PCPDTBT, Si-PCPDTBT, was introduced as the third component into P3HT:PC 60 BM 71 . More recently, the development of novel mid-bandgap and low-bandgap polymers, such as PTB7, PTB7-Th, PBDB-T and PffBT4T-2OD ( fig. 1 2 demonstrated a concomitant increase in the J sc and FF. This increase is attributed to the complementary absorption of the donor molecules and, benefiting from the energy cascade alignment, improved charge separation and transport, which lead to decreased charge recombination. Importantly, it was postulated that an alloy forms between the D 1 and D 2 materials, which results in not only a decrease in charge recombination but also a highly ordered face-on orientation of PTB7-Th with respect to the substrate. The face-on orientation enables favourable interactions for efficient charge transfer and limits charge-carrier recombination, which improves charge transport and subsequently led to the high FF obtained as well as the first reported PCE of >10% for a TSC.
State-of-the-art NFAs, such as IDTBR and ITIC derivatives 28, 36 , have been designed to complement the absorption of the donor materials and exhibit panchromatic absorption from the visible to the IR region of the solar spectrum. With a state-of-the-art lowbandgap NFA, IEICO-4 F ( fig. 2) , record J sc values of >27 mA cm −2 have been reported 107 . However, owing to the low absorption coefficients of the donor materials, the external quantum efficiencies (EQEs) obtained in the 400-600 nm region are still far below those measured in the longer wavelength regions, in which NFA absorption www.nature.com/natrevmats dominates. For this reason, the ternary strategy has also been used to sensitize the high-energy region through the introduction of D 2 or A 2 materials (fig. 4b) fig. 1 and fig. 2 . Despite the great progress made in the OPV field, in particular to achieve a high J sc , the relatively large voltage loss, defined as (E g /q) -V oc = 0.6 V (where q is the elementary charge), limits the PCE to <20% 56 . High V oc values are associated with relatively low J sc values and EQE values of <70% 56 . However, this trade-off can be alleviated by adopting the ternary strategy. The introduction of a third component that has suitable energy levels to form an energy cascade alignment ( fig. 4a) with the binary components leads, in principle, to an increase in V oc without the compromise of a reduction in J sc through the creation of efficient charge-extraction channels 71, 86 . Fullerene derivatives such as IC 60 BA 109 that have an EA higher than that of PC 70 BM have been used as an A 2 component to increase the V oc of binary devices. For example, a simultaneous increase in both J sc and V oc was observed when IC 60 BA was added into a PTB7:PC 70 BM binary blend 73 . In this case, the formation of an energy cascade alignment between the components increased the V oc by ~20 mV upon going from the binary to ternary blend. The bridging role of IC 60 BA between the D and A 1 components improves charge transfer at the D/A 1 interface by reducing the density of traps without disrupting the nanomorphology (fig. 4d ). Similar observations have been reported in all-polymer ternary blends. For example, the V oc of PTB7-Th:PNDI(2OD)-2T devices increases upon addition of PBDD-ff4T, which is attributed to the formation of an energy cascade alignment between the components 110 . The materials and nanostructuring in binary cells are often optimized by taking into account the well-known trade-off between J sc and V oc . For TSCs, the addition of a third component introduces a new trade-off between FF and V oc that needs to be considered. The V oc is predominantly determined by the energy of the charge-transfer state at the donor/acceptor interface, corrected by a recombination term [111] [112] [113] . A change of one order of magnitude in the recombination rate changes the V oc by only ~60 meV. It has been shown that the photovoltage is governed by the energetics of the interface at which charges are generated and is nearly unaffected by the IP and EA levels of the transport layers [111] [112] [113] . Because the energy of the charge-transfer state is heavily influenced by the energetics and local structure at the donor/acceptor interface, the introduction of a third component at that interface can strongly affect the V oc (ref.
75
). Note that the most studied OPV active layer, P3HT:PC 60 BM, can be regarded as a ternary cell in which P3HT forms crystalline domains and a disordered mixed phase with PC 60 BM, which leads to a minimum of three phases (pure P3HT, pure PC 60 BM and the amorphous mixed phase) 111 . Increasing the amorphous nature of the donor/acceptor interface increases the V oc owing to the disorder-induced increase in the IP of P3HT and decrease in the EA of PC 60 BM 75 . The possible increase in recombination rate owing to disorder does not typically mitigate the effect of the disorder-induced increase in the energy of the charge-transfer state on the V oc . Hence, increasing disorder at the donor/acceptor interface is beneficial in obtaining a higher V oc .
Charge recombination and nanomorphology. Mixing in new components changes the morphology (both in the bulk and at the nanoscale) of the binary blend, possibly altering charge-transport and recombination paths and thereby affecting the charge-extraction efficiency. Furthermore, key parameters that govern PCE, such as FF and V oc , depend strongly on the nanomorphology of the active layer and will therefore be affected by the introduction of additional components 92 . Indeed, the impact of morphology on the PCE of OPVs is not completely understood in binary cells; in ternaries and cells with even more components, our understanding of the role of morphology is still nascent. At present, it is difficult to predict a priori the photovoltaic parameters of a ternary blend based on the energetics of the components owing to the formation of varied nanostructures. This difficulty has prevented the emergence of generalized optimization guidelines for ternary blends.
When choosing a third component, the term compatibility is often mentioned, albeit somewhat vaguely. Physical compatibility has come to signify the ability of two materials to mix without substantially altering the crystallinity and texture of the pure phases. For example, A 2 is considered to be physically compatible with the D:A 1 blend if the addition of A 2 does not alter the nanomorphology of the D:A 1 BHJ. Chemical compatibility, however, has come to signify something close to miscibility. As a result, compatibility of the third component with the binary components is an important factor in determining the final morphology of the active layer. From the standpoint of measurable properties, compatibility can be related to the Flory-Huggins interaction parameter (χ) or to the interfacial energy (γ) between the components. In D 1 :D 2 :A ternary blends in which D 1 (PDPP3T) and D 2 (FTAZ) were polymers, a large negative (that is, attractive) χ between D 1 and D 2 was found to be detrimental to the PCE 114 . The ternary cell produced a lower photocurrent than stratified binary cells (D 1 :A and D 2 :A) prepared by a sequential casting technique as a result of poorer hole transport. This effect was attributed to the formation of a homogeneous solid-solution donor phase owing to the mutual affinity of the two polymers, which increases the tortuosity of the charge-transport paths and thereby lowers hole mobility. In D:A 1 :A 2 cells in which the acceptors were small molecules (nonfullerenes), the role of the interfacial tension between the acceptors and the donor on phase separation and the V oc has been explored 115 . In this example, the donor was a polymer that exhibits strong temperature-dependent aggregation behaviour (PTFB-O), and the resultant donor aggregates served as scaffolds around which the acceptors arranged. The large γ between the acceptors and the donor ensured strong donor-acceptor phase separation. Conversely, the low γ between the acceptors enabled them to form a homogeneous solution phase.
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Contrary to the D 1 :D 2 :A case, for the D:A 1 :A 2 cells, the presence of the mixed phase increased performance compared with blends in which there was a large γ between the acceptors. Structural characterization by X-ray diffraction revealed that the introduction of A 2 (IEIC-Th) enhanced the crystallization of A 1 (ITIC-Th), which decreased the rate of charge recombination and improved charge transport and collection. These two examples suggest that mixing of two donors or acceptors in a ternary blend is usually detrimental but can occasionally be favourable if these materials exhibit 'physical compatibility' , that is, if the structural order is either unperturbed or even improved for enhanced charge collection upon addition of the third component. These examples also demonstrate that many thermodynamic parameters come into play in guiding the formation of the ternary nanomorphology, which is, however, ultimately dictated by the transformation kinetics imposed through processing. These complexities have made it difficult to answer unequivocally the central morphological question: is it preferable for the two donors or acceptors to mix and form a solid solution, or is their phase separation more advantageous in optimizing the PCE?
Currently, there is no consensus regarding which structure ultimately leads to the highest performance, as the results remain system dependent. DR3TBDTT:DR3TBDTT-E:PC 70 BM (D 2 :D 1 :A) cells were studied to explore this question 89 . The IP and EA levels of the neat materials resulted in the formation of type II heterojunctions in both DR3TBDT T:DR3TBDT T-E and DR3TBDT T-E:PC 70 BM, which thus creates an energy cascade in the DR3TBDTT:DR3TBDTT-E:PC 70 BM sequence 89 . The as-cast ternary cells exhibited a mixed donor phase, but upon a brief period of vapour annealing in chloroform, the donor phase separated to give a D 2 :D 1 :A microstructure. Solvent annealing was also found to increase the crystallinity and the crystalline coherence length of the donor polymers. The PCE increase upon annealing (from 8.48% to 10.26%; table 1) was attributed to reduced bimolecular recombination owing to the cascade morphology and improved transport through the ordered pure DR3TBDTT donor phase. Indeed, the annealed cells exhibited a higher FF and J sc than the ascast counterparts. The V oc of the ternary cell, however, was lower than that of DR3TBDTT:PC 70 BM because charges were generated at the DR3TBDTT-E:PC 70 BM interface, which has a smaller IP-EA gap. In another example, the PTB7:Si-PCPDTBT:PC 70 BM blend with the best performance contained 15 wt% of Si-PCPDTBT in the donor phase 65 . At this composition, Si-PCPDTBT did not generate a notable photocurrent. However, the PCE increased from 7.52% for the PTB7:PC 70 BM blend to 8.6% for the ternary blend (table 1) . Again, the increase in PCE was due to an increase in both J sc and FF, the latter reaching a high value of 77%. An increase in charge-carrier lifetime owing to reduced recombination was also observed. Furthermore, the recombination was nearly exclusively bimolecular, suggesting that the introduction of Si-PCPDTBT led to passivation of electronic traps in PTB7 (fig. 4c) . It was therefore postulated that holes are funnelled from PTB7 to Si-PCPDTBT and thus away from the acceptor, thereby reducing recombination. In addition, it was suggested that transport in Si-PCPDTBT is higher, as it is more ordered than nearly amorphous PTB7. In the PTB7:Si-PCPDTBT:PC 70 D 2 ) :A ternary cells, the V oc can be continuously tuned between the values of the two binary components. Although widely observed, the origin of this tunability is not fully understood and is probably attributable to a combination of orbital overlap, increased disorder and effective polarizability. Indeed, the V oc depends on the local energetic landscape at the donor/acceptor interface and the energy of the charge-transfer exciton. At the molecular level, the energetic landscape depends on the quantum mechanical interactions between the components. At the meso-scale level, disorder also affects the energetic landscape 116 . Additionally, owing to its dipole moment, the energy of the charge-transfer exciton depends on the local dielectric constant, which is dictated by the polarizability. Precise V oc tunability is an advantage of the pseudo-binary microstructure over the D 1 :A and D 2 :A microstructures. Indeed, in both examples reported above in which the addition of the third component increases the PCE, no additional photocurrent was produced by the third component. When the purpose of the addition of the third component is to make the cell panchromatic (that is, to expand its absorption spectrum), the V oc is predominantly determined by the lowest-energy charge-transfer state present in the active layer, as higher-energy charge-transfer excitons migrate to those sites. As a result, in microstructures with parallel independent binary junctions, the increase in photocurrent comes at the expense of a large penalty in V oc , and a V oc close to that of the binary cell with the lowest V oc would be observed. By contrast, in pseudo-binary blends, the full range of intermediate voltages is accessible, with the actual V oc depending on the composition. Thus, in principle, pseudo-binary morphologies can, at least partially, simultaneously take advantage of the added photocurrent generated by the broader absorption and of the voltage of the higher V oc binary component. This mechanism arises in P3HT:O-IDTBR:IDFBR ternary cells, for which differential scanning calorimetry measurements showed that IDFBR is miscible in P3HT, whereas the O-IDTBR phase separates into crystalline domains at higher compositions 35 . The best-performing cell exhibited a higher integrated EQE than the binary cells and a V oc of 0.82 V, which is 0.1 V higher than that of the binary component with the lowest V oc . An additional V oc boost was given by the increased disorder of P3HT owing to its miscibility with the acceptors. The result was the highest-efficiency P3HT cell reported to date (PCE = 7.7%). Similarly, a tunable V oc has been observed when using miscible small-molecule acceptors 115 . The main drawback of the pseudo-binary morphology is that the mixed phases typically have poorer charge-transport and charge-recombination properties compared with pure phases and therefore exhibit lower FF and/or J sc values. In one approach, this problem was circumvented by obtaining a nanomorphology in which some pure crystalline O-IDTBR was present and the phase separated from the donor. The larger EA of O-IDTBR ensured that the main transport path for electrons was through a crystalline phase that was separated from the donor, thus also reducing recombination. By contrast, in the blends with small-molecule acceptors, the enhanced crystallinity of the acceptor phase upon blending mitigated the expected degradation in charge transport and FF. This issue was solved in a different TSC by blending structurally similar small-molecule acceptors, which led to an FF of >78% owing to a dual effect of increased crystallinity and domain size and/or purity 117 . In another example, a combination of a fullerene acceptor (PC 70 BM) and an NFA was used. In this blend, the phase separation of the donor and the NFA in the TSC is smaller than that of the donor:NFA binary, and the binary domains fit into the network formed by the fullerene acceptor. This configuration facilitates charge transport through an energy cascade alignment, which enables an active-layer thickness of >300 nm along with a PCE of 13.2% 118 . The examples described above provide some insight into how the morphology of ternary cells affects their performance. If the third component does not expand the absorption of the cell, its sole purpose is to help with charge separation through the formation of an energy cascade. In this case, the third component should be located primarily at the photogenerating interface to leave pure phases, which exhibit a higher degree of order for charge transport and ensure effective suppression of recombination. Because disorder at the donor/acceptor interface typically increases the photovoltage, some limited miscibility between the three components at the interface can be beneficial by creating additional disorder. Indeed, an ideal TSC 89 is believed to have a phase-separated energy cascade structure and shows a slightly elevated V oc compared with the binary cell, which is probably a result of limited intermixing between the components at the interface. By contrast, if the purpose of the addition of the third component is to make the cell panchromatic, most of the photogenerating interface should be a mixed phase that contains the three components. A mixed phase will ensure a higher voltage owing to the well-known voltage tuning of pseudo-binary blends. Away from the interface, however, phases should be made of the main absorbers, which should be as pure as possible to enable efficient charge transport and reduced recombination.
Stability in active-layer materials. The introduction of NFAs into BHJ devices has required re-evaluation of the possible mechanisms that lead to instability under environmental conditions relevant to operation 32 .
The performance of both binary and ternary devices can degrade as a result of exposure to ambient species such as water; irradiation, particularly in the presence of oxygen; and morphological changes as a result of post-deposition molecular diffusion [119] [120] [121] [122] . Ingress of ambient water and oxygen into the active layer can be very detrimental to device stability. Thermodynamically favourable redox reactions can occur depending on the NFA energy levels and orbital energy distributions 123 . In addition, the two most common end groups in state-of-the-art NFAs, rhodanine and indanedione derivatives, are coupled to the electron-rich core via Knoevenagel condensation, which affords an exocyclic conjugated double bond that is potentially susceptible to Michael addition from soft nucleophiles. It is therefore necessary to sterically shield this double bond as much as possible in the molecular design. The mechanistic pathways for photo-oxidation involve two main processes. One process involves exothermic energy transfer from the triplet state of either the donor or the acceptor (formed from intersystem crossing of photoexcited singlet excitons) to molecular oxygen, which creates a highly reactive singlet oxygen species 124 . Singlet oxygen can then undergo a range of chemical reactions within the active layer, leading to degradation of the conjugated electronic structure of the organic molecules. In particular, concerted DielsAlder addition to electron-rich diene units present in the aromatic framework of the active chromophore and α-hydrogen abstraction reactions on aliphatic side groups, leading to the formation of hydroxy radicals and subsequent ring-opening reactions, are both plausible mechanisms. The likelihood of these reactions occurring is directly related to the choice of active materials; however, almost all NFAs have functional groups that may facilitate these reactions. The second, and more prominent, process involves direct electron transfer from the NFA to molecular oxygen, affording highly reactive superoxide radical anion species 125 . This electrochemical reaction is thermodynamically favourable when the EA of the NFA is shallower (versus vacuum) than the EA of molecular oxygen (3.75 eV) . This pathway is, of course, directly relevant to NFA molecular design, for which it is possible to optimize the energy levels to obtain large V oc values through shallow lowest unoccupied molecular orbital (LUMO) energy levels (versus vacuum). In these cases, the voltage can be optimized at the expense of stability unless there is a significant electrochemical overpotential. Superoxide species can undergo a range of fragmentation, addition and oxidative reactions with the common units found in both polymer acceptors and NFAs, such as thienyls. It is, however, possible to cascade high-energy electrons in a ternary system from a shallow LUMO to a deeper-lying LUMO, where electron transfer from the NFA that leads to superoxide formation is thermodynamically unfavourable. In this case, a considerable increase in photo-oxidation stability would be expected in comparison with the binary component with the higher-lying EA.
Morphological instability, including so-called burn-in, arises from quenching of the active layer into a non-equilibrium nanostructure during the kinetically driven solution deposition process 126 . The specific www.nature.com/natrevmats optimum blend ratio for a ternary device is typically determined empirically, which involves balancing the competing requirements of charge separation and charge transport. Achieving charge-percolation thresholds for both charge carriers upon thin-film formation is a minimum requirement of high-performance devices with high current densities. This can be promoted during the phase-segregation processes, which are thermodynamically governed by the binodal composition and/or miscibility gap in an often very complicated phase diagram that can comprise both eutectic and monotectic phase behaviour 127 . In most cases, the quenched nanomorphology (which can be achieved through the introduction of solvent or solid third-component additives, as well as thermal annealing) is significantly different from the metastable morphology from the phase diagram (owing to the miscibility gap), which results in an inherent morphological instability usually after light and/or oxygen exposure. Ensuring that the mixed domains have a binodal composition enables a metastable state, which leads to improved stability 120 . Ternary blends can exhibit multiple phases depending on the materials used, their thermal behaviour and their specific χ parameters. These phases can evolve and further segregate after deposition, driven mainly by both high diffusion constants of the small molecules and high χ, that is, thermodynamically favourable demixing. The third component in a ternary system can be exploited to increase thinfilm morphological stability through vitrification of the pure, crystalline phases of the other two components, which suppresses ageing-induced crystallization. This effect was observed in a P3HT:O-IDTBR:IDFBR ternary device, which retained >80% of its initial PCE under dark conditions in nitrogen. By contrast, the binary P3HT: O-IDTBR device retained only 70% of its initial PCE under the same conditions 35 . The use of a mixture of A 1 :A 2 acceptors is also a promising approach for achieving high stability under thermal stress. Both fullerene and NFA mixtures have shown high thermal stability compared with the binary cell counterparts 128, 129 . The highly stable glassy nanostructure of D:A 1 :A 2 ternary mixtures increases the configurational entropy upon mixing of the A 1 :A 2 components and reduces both the rate of phase separation and crystallization 91 . As a proof of concept, a quaternary BHJ based on D 1 :D 2 :A 1 :A 2 was designed and found to retain >72% of its initial efficiency after 1 year of thermal degradation owing to dual control of phase separation and crystallization 88 . The third component in ternary blends can induce specific molecular interactions in the BHJ, which can suppress molecular diffusion and reduce the χ values of the corresponding binary systems. In particular, when χ corresponds to a binodal composition, it allows for efficient charge percolation. Further complications arise when considering the possibility of vertical stratification induced by either surface-directed spinodal decomposition or surface energy differences between the three components. It is likely that in reports of increased stability of ternary blends, when compared with their binary counterparts, it has been possible to exploit compositions close to thermodynamic equilibrium and minimize excessive post-deposition crystallization and diffusion while also ensuring that the components that vertically segregate to the interfaces do not block charge extraction. On reviewing the ternary literature, it seems that most stability improvements are due to a more stable morphology rather than increased resistance to photo-oxidation. Although this is an encouraging potential advantage of ternary systems, enhanced stability seems to occur in most cases through trial and error rather than design. This trial-and-error approach is perhaps due to the inherent complications of optimizing a ternary phase diagram to achieve metastability upon phase separation while also ensuring a charge-percolation threshold that may be either hypereutectic or hypoeutectic.
Towards scalability
Although there has been impressive progress in the development of TSCs, scaling up small-area champion devices fabricated through a spin-coating method into reliable, large-area devices that can be produced at an industrial scale remains a challenge to be addressed. First, roll-to-roll compatible techniques, such as blade, slot-die and wire-bar coating techniques, ideally in air, should be adopted for the fabrication of OSCs with larger areas. Second, the thickness of the active layer in OPV devices is still well below the commonly accepted thickness of 200-300 nm that is required for scaling-up production 130, 131 . In one approach to solving this issue, PTB7-Th was introduced as a D 2 polymer into a thick D 1 :A binary based on PBTZT-stat-BDTT-8:PC 70 BM 70 . In addition to the extended absorption window upon addition of PTB7-Th, the ternary blends delivered PCEs of >11% (table 1) together with an active-layer thickness of 300 nm. Effective hole transfer from D 2 to D 1 was observed, which may occur through a dual mechanism of direct excitation of PTB7-Th and energy transfer from PBTZT-stat-BDTT-8 to PTB7-Th. This robust active layer was also used as a test-bed material for the fabrication of solar modules that achieved a PCE of >8% on glass and ~7% on flexible substrates. Similarly, an A 2 (ITIC) acceptor was introduced into a thick D:A 1 binary based on PDOT:PC 70 BM 132 . However, in this case, in addition to the IR harvesting of ITIC (which leads to a higher J sc ), its lower charge mobility compared with fullerene acceptors could have a detrimental effect on the charge transport. The low-mobility issue was overcome by tuning the A 1 :A 2 ratio to reduce fullerene aggregation, which is detrimental for charge transport, leading to a PCE of >11% with a thick active layer (>230 nm). Recently, similar results were obtained by exploring allpolymer TSCs processed in a non-halogenated solvent; these TSCs achieved PCEs of >8% and active-layer thicknesses of >400 nm (ref. 133 ). Again, the good miscibility of the D 1 and D 2 polymers and their high and balanced charge mobilities were the key elements for achieving a high PCE.
Future perspectives
Future ternary molecular design strategies must address the dual requirements of both efficiency and stability, which will involve optimizing the energy cascade to simultaneously maximize cell voltage and ensure broad spectral coverage and charge generation. Moreover, designing universal third components to enable intermolecular interactions with the binary components that promote optimal morphologies in the ternary blend could be an approach for optimizing material properties, particularly to reduce post-deposition diffusion and increase stability compared with those of binary devices. One of the key advantages of TSCs is the improvement in one or more of the photovoltaic parameters of binary devices. Therefore, understanding the limitations of binary devices has crucial implications for the design of ternary blends and devices. Through judicious design of the third component and the resultant improvement in the photovoltaic parameters, it will nearly always be possible to improve upon the performance of a binary cell through the ternary approach.
With the development of NFAs, the OSC field has witnessed an impressive increase in V oc values, which now exceed 1 V, and the suppression of voltage losses. A decrease in the difference between the radiative V oc calculated from the Shockley-Queisser limit (V ocSQ ) and the measured V oc has already been reported using NFAs in binary devices 56 . The V ocSQ can be estimated either from the absorption edge of the blend by calculating the optical bandgap or from the quantum efficiency spectrum edge, for which the smallest energetic transition is considered. Using a third component that forms an energy cascade alignment with the binary components but has an absorption profile that overlaps with that of the binary components would increase the V oc without changing the V ocSQ . This strategy would reduce the difference between V ocSQ and V oc . Furthermore, using a ternary strategy to increase the FF will be crucial in enabling present highperformance materials, which are typically limited to an active-layer thickness of ~100 nm, to be processed with thicknesses compatible with high-throughput fabrication methods. Moreover, low-FF binary devices can be revisited as potential D 1 :A 1 systems for TSCs, in which the third component would improve the FF by increasing the efficiency of charge generation and extraction through reduced trap-assisted recombination. By combining NFA design with the selection of an appropriate donor to maximize voltage output and the introduction of a second acceptor with favourable charge-transport characteristics to minimize recombination, it is therefore possible to simultaneously optimize all OSC parameters. The nanomorphology of ternary blends is the source of the high performance of TSCs as well as the long-term stability. One of the recent strategies adopted in TSCs to circumvent detrimental morphological issues such as demixing is the sequential deposition of the binary components and third component to yield a stratified BHJ solar cell 114 . With this method, a pseudo-tandem forms without the need of an intermediate recombination layer, which offers the opportunity to redesign conventional ternary device architectures.
Impressive progress has been made in TSC device optimization. Considering the individually reported J sc (>20 mA cm −2 ), V oc (>1 V) and FF (>75%) values collected in table 1 for ternary blends, PCEs of >15% are likely to be achieved in the near future. With stable and large-area solar cells as well as readily scalable processing methods, the implementation of ternary blends into OSCs could serve as a springboard to propel the field of OPVs to commercial realization. However, there remains a need for the development of these devices from the laboratory scale into commercial-scale prototypes. The large-area devices reported to date have low efficiencies, and there are additional challenges, such as the development of proper processing and/or printing techniques and the optimization of printable ink formulations and module design, which make the commercial realization of OPVs an ambitious goal. In order to reduce the time and materials used for the development stage, further progress in the development of facile and non-invasive methods to obtain ternary phase diagrams using spectroscopic tools would be beneficial. Moving towards real-world applications of OPVs, such as indoor applications and transparent solar cells for building-integrated photovoltaics or greenhouses, high-throughput material optimization tools with combinatorial methods are required to reduce the time spent searching for high-performance materials as well as to optimize the resources used. Utilizing machine learning for the design and discovery of highperformance materials is an emerging approach that can be implemented in the OPV field for the design of optimal third components. Once these issues are addressed, long-term reliability tests of OPV devices and modules with various real-life outdoor conditions need to be explored to move a step closer to commercial OPVs for real-world applications.
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